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Muon-spin-relaxation (µSR) measurements have been performed for the partially Zn-substituted
electron-doped high-Tc superconductor Pr0.86LaCe0.14Cu1−yZnyO4+α−δ with y = 0 - 0.05 and the
reduced oxygen content δ = 0 - 0.09, in order to investigate nonmagnetic Zn-impurity effects on the
Cu-spin dynamics. For all the measured samples with 0.01 ≤ δ ≤ 0.09, it has been found that a fast
depolarization of muon spins is observed below 100 K due to the effect of Pr3+ moments and that
the µSR time spectrum in the long-time region above 5 µsec increases with decreasing temperature
at low temperatures below 30 K possibly due to slowing down of the Cu-spin fluctuations assisted
by Pr3+ moments. No Zn-induced slowing down of the Cu-spin fluctuations has been observed for
moderately oxygen-reduced samples with 0.04 ≤ δ ≤ 0.09, which is very different from the µSR
results of La2−xSrxCu1−yZnyO4. The possible reason may be that there are no dynamical stripe
correlations of spins and electrons in the electron-doped high-Tc cuprates or that the effect of Pr
3+
moments on the µSR spectra is stronger than that of a small amount of Zn impurities.
PACS numbers: 74.62.Dh, 74.72.Ek, 76.75.+i.
I. INTRODUCTION
The so-called hole-electron doping symmetry in the
high-Tc cuprates has been one of central interests in re-
lation to the mechanism of the high-Tc superconductiv-
ity. Phase diagrams of the hole- and electron-doped sys-
tems are very similar to each other. That is, the par-
ent compounds are both Mott insulators exhibiting long-
range antiferromagnetic order with similar values of the
Ne´el temperature. The superconducting phases appear
through doping holes or electrons into the Mott insula-
tors. These properties lead to the view of hole-electron
doping symmetry.
On the other hand, some properties in the electron-
doped superconductors have been found to be different
from those in the hole-doped superconductors, leading
to the hole-electron doping asymmetry. First, the ef-
fectiveness of carriers for destroying the long-range an-
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tiferromagnetic order is different between the hole- and
electron-doped systems. In the electron-doped system of
Nd2−xCexCuO4, the long-range antiferromagnetic order
survives up to x ∼ 0.13 [1], while it survives only up to x
∼ 0.02 in the hole-doped system of La2−xSrxCuO4. Sec-
ond, in the inelastic neutron-scattering measurements,
an incommensurate spin-correlation, which may be due
to the so-called dynamically fluctuating stripes of spins
and holes [2], has been found in the hole-doped system
[3]. In the electron-doped system, on the other hand,
a commensurate spin-correlation, which is related to the
simple antiferromagnetic order, has been observed [4]. As
for impurity effects, different behaviors between the hole-
and electron-doped systems are also observed. For exam-
ples, the superconductivity in the electron-doped system
is suppressed through the substitution of magnetic Ni for
Cu more markedly than through the substitution of non-
magnetic Zn for Cu [5], which is contrary to the result in
the hole-doped system [6].
From the view point of effects of nonmagnetic impu-
rities on the Cu-spin dynamics, formerly, we have per-
formed zero-field (ZF) muon-spin-relaxation (µSR) mea-
surements in a wide range of hole concentration of x
= 0.10 - 0.30 in the hole-doped high-Tc superconduc-
tor La2−xSrxCu1−yZnyO4 [7–10]. It has been found that
a slight amount of Zn tends to induce slowing down of
the Cu-spin fluctuations in the whole superconducting
regime, which is able to be interpreted as being due to
pinning and stabilization of the dynamically fluctuating
2stripes of spins and holes. This result might point to the
importance of the dynamical stripe correlations in the ap-
pearance of high-Tc superconductivity in the hole-doped
system [11].
In this paper, we investigate Zn-impurity effects on
the Cu-spin dynamics in the electron-doped high-Tc su-
perconductor Pr0.86LaCe0.14Cu1−yZnyO4+α−δ with y =
0 - 0.05 and the reduced oxygen content δ = 0 - 0.09 from
the ZF- and longitudinal-field (LF) µSR measurements,
in order to elucidate whether or not the concept of the
pinning of the dynamical stripe correlations by Zn holds
good in the electron-doped system [12, 13].
II. EXPERIMENTAL
Polycrystalline samples of the electron-doped
Pr0.86LaCe0.14Cu1−yZnyO4+α−δ with y = 0, 0.01,
0.02, 0.05 were prepared by the ordinary solid-state
reaction method as follows [14]. Raw materials of dried
La2O3, Pr6O11, CeO2, CuO and ZnO powders were
mixed in a stoichiometric ratio and prefired in air at
900oC for 20 h. The prefired materials were reground
and pressed into pellets of 10 mm in diameter, and
sintered in air at 1100oC for 16 h with repeated regrind-
ing. As-grown samples of Pr0.86LaCe0.14Cu1−yZnyO4+α
(|α| ≪ 1) were post-annealed in flowing Ar gas of
high purity (6N) at various temperatures in a range of
900oC - 960oC for 8 h - 12 h in order to remove the
excess oxygen at the so-called apical site. The value
of δ was estimated from the weight change before and
after annealing. All of the samples were checked by
the powder x-ray diffraction measurements to be of the
single phase. Electrical-resistivity and DC magnetic-
susceptibility measurements were also carried out to
check the superconducting transition temperature, Tc,
and the quality of the samples, which was found to
be good. The ZF- and LF-µSR measurements were
performed at low temperatures down to 0.3 K at the
RIKEN-RAL Muon Facility at the Rutherford-Appleton
Laboratory in the UK using a pulsed positive surface
muon beam.
III. RESULTS
The superconductivity in the electron-doped system of
Pr0.86LaCe0.14Cu1−yZnyO4+α−δ is affected by the value
of δ, so that the samples are grouped into four classes
with different δ values: as-grown (δ = 0), very small δ
(δ < 0.01), small δ (0.01 ≤ δ < 0.04) and large δ values
(0.04 ≤ δ ≤ 0.09).
Figure 1 shows the dependence of Tc on the Zn-
concentration y in Pr0.86LaCe0.14Cu1−yZnyO4+α−δ with
small δ and large δ values. The Tc is defined as the
temperature where the resistivity drops to 50 % of the
normal-state value. It is found that Tc decreases with in-
creasing y, indicating that Zn is well substituted for Cu.
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FIG. 1: Dependence of Tc on the Zn-concentration y of
Pr0.86LaCe0.14Cu1−yZnyO4+α−δ with small δ (0.01 ≤ δ <
0.04) and large δ values (0.04 ≤ δ ≤ 0.09). The inset shows the
dependence of Tc on δ for Zn-free samples of y = 0. Arrows
indicate non-superconducting samples above 4.2 K.
The samples with large δ values show superconductiv-
ity below y = 0.02, while they are non-superconducting
above y = 0.02 at temperatures above 4.2 K. On the
other hand, the samples with small δ values are non-
superconducting above y= 0.01 at temperatures above
4.2 K. As for the Zn-free Pr0.86LaCe0.14CuO4+α−δ, Tc
increases with increasing δ, as shown in the inset of Fig.
1. The samples with small and large δ values show su-
perconductivity with Tc ranging from 15 K to 17 K (the
average Tc ∼ 16 K) and from 18 K to 22 K (the average
Tc ∼ 20 K), respectively, while the samples with δ = 0
and very small δ values are non-superconducting above
4.2 K.
Figure 2 shows the ZF-µSR time spectra of the Zn-free
Pr0.86LaCe0.14CuO4+α−δ with δ = 0, very small δ, small
δ and large δ values. For the as-grown sample with δ =
0, a muon-spin precession is observed even at a high tem-
perature of 100 K due to the formation of a long-range
antiferromagnetic order. For the samples with very small
δ, small δ and large δ values, a Gaussian-like depolariza-
tion is observed at high temperatures above ∼ 100 K due
to randomly oriented nuclear spins, and an exponential-
like depolarization of muon spins is observed at low tem-
peratures below ∼ 50 K. For the sample with the very
small δ value, a muon-spin precession due to the forma-
tion of a long-range antiferromagnetic order is observed
at low temperatures below ∼ 5 K. For the samples with
small and large δ values, on the other hand, the time
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FIG. 2: (color online) ZF-µSR time spectra of the Zn-free
Pr0.86LaCe0.14CuO4+α−δ with different δ values at various
temperatures.
spectra in the short-time region below 5 µsec are almost
independent of temperature at low temperatures below
30 K and no muon-spin precession is observed, indicat-
ing the absence of any long-range magnetic order above
2 K. As for the spectra at high temperatures above 30
K, the temperature-dependent change of the spectra is
independent of δ for superconducting samples with small
and large δ values. Taking into account the fact that the
Cu-spin dynamics strongly depends on δ as well as the Ce
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FIG. 3: (color online) ZF-µSR time spectra of the Zn-free
Pr0.86LaCe0.14CuO4+α−δ with large δ values at various tem-
peratures. Solid lines are the best-fit results using the two-
component function, A(t) = Asexp(−(λt)
β) + AGexp(−σ
2t2).
concentration [15], the temperature-dependent change of
the spectra above 30 K in both small and large δ values
is not regarded as being due to the Cu-spin dynamics but
due to static random magnetism of small magnetic mo-
ments of Pr3+ ions induced by the mixing of the excited
state in the crystal electric field [16, 17]. Watching the
spectra of the samples with large δ values in detail, it is
found that the normalized asymmetry in the long-time
region above 5 µsec increases with decreasing tempera-
ture at low temperatures, as clearly shown in Fig. 3. The
behavior is analogous to the recovery of the normalized
asymmetry to 1/3 in the long-time region usually ob-
served in a long-range magnetically ordered state. The
fast depolarization with no muon-spin precession is con-
sidered to be due to the formation of not a long-range
but a short-range magnetic order. Therefore, it is sug-
gested that the Cu-spin correlation is developed and the
Cu-spin fluctuations exhibit slowing down at low temper-
atures for the samples with large δ values.
In order to clarify the dual existence of the static mag-
netism and dynamical spin-fluctuations, LF-µSR mea-
surements were performed under LF up to 1000 G. Figure
4 shows the LF-µSR time spectra in the normal state of
the Zn-free Pr0.86LaCe0.14CuO4+α−δ with large δ values
at 30 K. The tail of the spectrum is found to be gradu-
ally quenched with increasing LF up to 60 G, suggesting
the existence of static magnetic moments. However a
long-time depolarization is still observed even in high LF
of 1000 G, suggesting that dynamically fluctuating in-
ternal fields still exist at the muon site. Therefore, the
LF-µSR results suggest the coexistence of the static mag-
netism and dynamical spin fluctuations in the sample of
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FIG. 4: (color online) LF-µSR time spectra in the normal
state of the Zn-free Pr0.86LaCe0.14CuO4+α−δ with large δ
values at 30 K under various LF up to 1000 G. Solid lines
are the best-fit results using the two-component function,
A(t) = Asexp(−(λt)
β) + AGexp(−σ
2t2).
Pr0.86LaCe0.14CuO4+α−δ with large δ values.
Figure 5 shows the ZF-µSR time spectra of the Zn-
substituted Pr0.86LaCe0.14Cu1−yZnyO4+α−δ with y = 0
- 0.05 and large δ values. It is found that the spectra
are independent of the Zn concentration. That is, Zn-
induced slowing down of the Cu-spin fluctuations as ob-
served in the hole-doped system is not observed.
In the analysis of the ZF-µSR time spectra, we as-
sume that the implanted muons occupy the site near the
edge of tetrahedron configuration with Pr/La atoms at
their corner [16]. Since the muon feels an internal field
from two kinds of moments addressed to Pr3+ and Cu2+
moments, the effect of both moments should be taken
into account. Among several equations such as dynamic
Kubo-Toyabe function, it has been found that the ZF-
µSR time spectra are best fitted with the following two-
component function:
A(t) = Asexp(−(λt)
β) +AGexp(−σ
2t2) (1)
The first term represents a stretched-exponential compo-
nent in a region where effects of nuclear spins and Cu
spins are dominant. As, λ and β are the initial asym-
metry, the relaxation rate of muon spins and the power
of damping, respectively. The second term represents a
static Gaussian component in a region where the small
Pr3+ moments are dominant. AG is the initial asymme-
try and σ is due to the distribution width of dipolar fields
at the muon site. The increase in A(t) observed in the
long-time region at low temperatures is reflected by the
increase in As. The time spectra are well fitted with this
function, as clearly shown in Figs. 3− 5.
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FIG. 5: (color online) ZF-µSR time spectra of
Pr0.86LaCe0.14Cu1−yZnyO4+α−δ with y = 0 - 0.05 and
large δ values at low temperatures down to 0.3 K. Solid lines
are the best-fit results using the two-component function,
A(t) = Asexp(−(λt)
β) + AGexp(−σ
2t2).
Figure 6 shows the temperature dependence of fit-
ting parameters As, λ, β, AG and σ for the Zn-free
Pr0.86LaCe0.14CuO4+α−δ with large δ values. At high
temperatures above 100 K, all parameters are almost in-
dependent of temperature, indicating no other effect than
that of nuclear spins. Below 100 K, AG starts to increase
with decreasing temperature down to 30 K, accompanied
by an increase in σ below ∼ 60 K. This is regarded as be-
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the function, A(t) = Asexp(−(λt)
β) + AGexp(−σ
2t2), for
Pr0.86LaCe0.14CuO4+α−δ with large δ values. As : initial
asymmetry of the stretched-exponential component. λ : re-
laxation rate of muon spins. β : power of the damping of
the stretched-exponential component. AG : initial asymme-
try of the static Gaussian component. σ : distribution width
of dipolar fields at the muon site.
ing due to development of the static random magnetism
of the small Pr3+ moments. Below 30 K, AG decreases
and As and λ increase with decreasing temperature. This
is regarded as being due to the development of the Cu-
spin correlation. In fact, β tends to fall down to 0.5 at
0.3 K, suggesting the formation of a spin-glass state of
Cu spins [18]. These results indicate that, with decreas-
ing temperature, the development of the static random
magnetism of the small Pr3+ moments starts to appear
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below 100 K and the development of the Cu-spin corre-
lation, namely, the slowing down of the Cu-spin fluctua-
tions starts to appear below 30 K.
Figure 7 shows the temperature dependence of λ and
σ of the Zn-substituted Pr0.86LaCe0.14Cu1−yZnyO4+α−δ
with large δ values. For all the Zn-substituted samples, λ
increases with decreasing temperature below ∼ 30 K due
to the slowing down of the Cu-spin fluctuations. On the
other hand, σ increases below ∼ 60 K and is saturated
below ∼ 30 K due to the development of the static ran-
dom magnetism of the small Pr3+ moments. For both λ
and σ, it is found that no significantly different behavior
is observed between the samples with different y values,
indicating no Zn-induced development of the Cu-spin cor-
relation, namely, no Zn-induced slowing down of the Cu-
spin fluctuations. This result is very different from that
observed in the hole-doped La2−xSrxCu1−yZnyO4 [7–10].
IV. DISCUSSION
One important feature in the present results is that
the trace of the development of the Cu-spin correlation
is observed at low temperatures below ∼ 30 K even for
6the Zn-free sample. Fujita et al. have also reported the
possible development of the Cu-spin correlation and the
slowing down of the Cu-spin fluctuations in the single-
crystal Pr1−xLaCexCuO4+α−δ with x = 0.11 undergoing
the appearance of static/quasi static internal magnetic
fields at the muon site [19]. The possible origin of the
slowing down observed even in the Zn-free samples is
enhancement of the Cu-spin correlation assisted by Pr3+
moments.
The other important feature is no Zn-induced slowing
down of the Cu-spin fluctuations. That is, Zn impurities
do not appear to affect the Cu-spin dynamics, which is
very different from the results of the hole-doped high-Tc
cuprates [7–10]. This may be understood in two ways.
First, there may be no dynamically fluctuating stripes of
spins and electrons in the electron-doped system [4, 20],
because the existence of the dynamical stripes leads to
the Zn-induced slowing down of the Cu-spin fluctuations
in the hole-doped system. Secondly, the effect of Pr3+
moments is stronger than that of a small amount of Zn
impurities. In any case, the Cu-spin dynamics observed
within the µSR time window (10−6 - 10−11 sec) in the
electron-doped cuprates may not be so affected by any
impurity as follows. Generally, impurities tend to make
carriers localized. Since doped holes give rise to magnetic
frustration between Cu spins in the hole-doped cuprates,
whether holes are mobile or localized may affect the Cu-
spin dynamics strongly, leading to large effects of impu-
rities on the Cu-spin dynamics. In the electron-doped
cuprates, on the other hand, doped electrons give rise to
no magnetic frustration between Cu spins and give rise
to only dilution of Cu spins. Therefore, whether doped
electrons are mobile or localized may not affect the Cu-
spin dynamics so much, leading to no significant effects
of impurities on the Cu-spin dynamics.
V. SUMMARY
We have investigated the Cu-spin dynamics
from ZF-µSR measurements in the partially Zn-
substituted electron-doped high-Tc superconductor
Pr0.86LaCe0.14Cu1−yZnyO4+α−δ changing the reduced
oxygen content δ (δ ≤ 0.09) and y (y ≤ 0.05). For the
Zn-free samples of Pr0.86LaCe0.14CuO4+α−δ with small
δ (0.01 ≤ δ < 0.04) and large δ values (0.04 ≤ δ ≤
0.09), it has been found that a fast depolarization of
muon spins is observed below 100 K due to the effect
of Pr3+ moments and that the µSR time spectrum
in the long-time region above 5 µsec increases with
decreasing temperature at low temperatures below 30
K. The latter suggests the possible slowing down of
the Cu-spin fluctuations assisted by Pr3+ moments.
The dual existence of the static magnetism of Pr3+
moments and the Cu-spin fluctuations has been con-
firmed from LF-µSR measurements. Moreover, no
Zn-induced slowing down of the Cu-spin fluctuations has
been observed for moderately oxygen-reduced samples
with 0.04 ≤ δ ≤ 0.09, which is very different from the
µSR results of the hole-doped high-Tc superconductor
La2−xSrxCu1−yZnyO4. Possible reasons are as follows:
(i) There may be no dynamical stripe correlations of
spins and electrons in the electron-doped system. (ii)
The effect of Pr3+ moments on the µSR spectra may be
stronger than that of a small amount of Zn impurities.
Acknowledgments
We would like to thank K. Hachitani for his technical
support in a part of the µSR measurements. This work
was partly supported by Joint Programs of the Japan So-
ciety for the Promotion of Science and by a Grant-in-Aid
for Scientific Research from the Ministry of Education,
Culture, Sport, Science and Technology, Japan.
[1] H. Takagi, S. Uchida, and Y. Tokura, Phys. Rev. Lett
62, 1197 (1989).
[2] J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Naka-
mura, and S. Uchida, Nature 375, 561 (1995).
[3] K. Yamada, C. H. Lee, K. Kurahashi, J. Wada, S. Waki-
moto, S. Ueki, H. Kimura, Y. Endoh, S. Hosoya, G. Shi-
rane, R. J. Birgeneau, M. Greven, M. A. Kastner, and
Y. J. Kim, Phys. Rev. B 57, 6165 (1998).
[4] K. Yamada, K. Kurahashi, T. Uefuji, M. Fujita, S. Park,
S. H. Lee, and Y. Endoh : Phys. Rev. Lett 90, 137004
(2003).
[5] J. M. Tarascon, E. Wang, S. Kivelson, B. G. Bagley, G.
W. Hull, and R. Ramesh, Phys. Rev. B 42, 218 (1990).
[6] G. Xiao, M. Z. Cieplak, J. Q. Xiao, and C. L. Chien :
Phys. Rev. B 42, 8752 (1990).
[7] I. Watanabe, T. Adachi, K. Takahashi, S. Yairi, Y. Koike,
and K. Nagamine, Phys. Rev. B 65, 180516(R) (2002).
[8] T. Adachi, S. Yairi, K. Takahashi, Y. Koike, I. Watanabe,
and K. Nagamine, Phys. Rev. B 69, 184507 (2004).
[9] Risdiana, T. Adachi, N. Oki, S. Yairi, Y. Tanabe, K.
Omori, Y. Koike, T. Suzuki, I. Watanabe, A. Koda, and
W. Higemoto, Phys. Rev. B 77, 054516 (2008).
[10] T. Adachi, N. Oki, Risdiana, S. Yairi, Y. Koike, and I.
Watanabe, Phys. Rev. B 78, 134515 (2008).
[11] S. A. Kivelson, I. P. Bindloss, E. Fradkin, V. Oganesyan,
J. M. Tranquada, A. Kapitulnik, and C. Howald, Rev.
Mod. Phys. 75, 1201 (2003).
[12] Risdiana, T. Adachi, Y. Koike, I. Watanabe, and K.
7Nagamine, Physica C 426-431 355 (2005).
[13] Risdiana, T. Adachi, Y. Koike, and I. Watanabe, Physica
B 374-375 218 (2006).
[14] Y. Koike, A. Kakimoto, M. Mochida, H. Sato, T. Noji,
M. Kato, and Y. Saito, Jpn. J. Appl. Phys. 31, 2721
(1992).
[15] S. Kuroshima, M. Fujita, T. Uefuji, M. Matsuda, and K.
Yamada, Physica C 392-396 216 (2003).
[16] R. Kadono, K. Ohishi, A. Koda, W. Higemoto, K. M.
Kojima, S. Kuroshima, M. Fujita, and K. Yamada, J.
Phys. Soc. Jpn. 72, 2955 (2003).
[17] R. Kadono, K. Ohishi, A. Koda, W. Higemoto, K. M.
Kojima, M. Fujita, S. Kuroshima, and K. Yamada, J.
Phys. Soc. Jpn. 73, 2944 (2004).
[18] R. Cywinski, and B. D. Rainford, Hyperfine Interact. 82,
251 (1994).
[19] M. Fujita, T. Kubo, S. Kuroshima, T. Uefuji, K.
Kawashima, K. Yamada, I. Watanabe, and K. Nagamine,
Phys. Rev. B 67, 014514 (2003)
[20] M. Fujita, J. Phys. Chem. Solids 68, 2035 (2007).
